The Xialiugou polymetallic deposit is located in the North Qilian Orogenic Belt, Northwest China, of which the main ore-bearing strata are the Middle Cambrian Heicigou Group. The mineralization is zoned with "black" orebodies (galena-sphalerite), which are stratigraphically above the "yellow" orebodies (pyrite-chalcopyrite-tennantite) at the lower zone, corresponding to the alteration assemblages of quartz-sericite in the ore-proximal zone and chlorite in the ore-distal zone. The Xialiugou mineralization can be divided into three stages: (1) Stage I (pyrite); (2) Stage II (chalcopyrite-tennantite-sphalerite); and (3) Stage III (galena-sphalerite). Fluid inclusions data indicate that the physicochemical conditions that lead to ore formation were the medium-low temperature (157-350 • C) and low salinity (0.17-6.87 wt % NaCl eqv ), and that the ore-forming temperature tended to decrease with the successive mineralization processes. Taking the H-O isotopic compositions (δD V-SMOW = −51.0% to −40.5% , δ 18 O H2O = −0.4% to 8.6% ) into consideration, the ore-forming fluids were most likely derived from seawater with a small amount of magmatic-and meteoric-fluids input. In addition, the combined S (−3.70% to 0.10% ) and Pb isotopic ( 206 Pb/ 204 Pb = 18.357 to 18.422, 207 Pb/ 204 Pb = 15.615 to 15.687, 208 Pb/ 204 Pb = 38.056 to 38.248) data of pyrite indicate that the ore-bearing volcanic rocks may be an important source of ore-forming materials. Finally, we inferred that the Xialiugou deposit shares similarities with the most important volcanogenic massive sulfide (VMS) deposits (Baiyinchang ore field) in China and typical "black ore" type VMS deposits worldwide.
Introduction
Volcanogenic massive sulfide (VMS) deposits are an important source of copper, lead, and zinc [1] . Previous studies on various Paleozoic to Cenozoic VMS deposits have revealed their most significant features, which primarily include: (1) an extensional geotectonic environment for their formation such as midocean ridges, back-arc basins, continental rifts and island-arcs [2] ; (2) zonation from a layered massive sulfide unit to a footwall stockwork mineralization zone [3, 4] ; (3) extensive and intensive proximal alteration assemblages including quartz, chlorite, white mica (sericite) and pyrite [2, 4] , (4) moderate-temperature ore-forming fluids derived from heated seawater leaching into the surrounding and underlying volcanic rocks and/or magmatic-hypothermal fluids [2, 4] . [7] .
Ore Deposit Geology
The Xialiugou deposit is in the Guomisi-Bailiugou ore field [11, 12] . The exposed strata in the Xialiugou district consists of the ore-hosted Middle Cambrian Heicigou Group, the Upper Carboniferous Yanghugou Formation, the Cretaceous and Quaternary (Figure 2a ). The Lower Heicigou Group outcropped in the north of the ore field is mainly comprised of lower basaltic and basaltic tuff, and upper sericite-chlorite schist, quartzite, and serpentinite. The rocks in the Upper Heicigou Group are dominated by lower mafic and felsic volcanic rocks (including basalt, basaltic volcanic breccia, basaltic tuffs, and the upper rhyolitic tuff, rhyolite, and rhyolite volcanic breccia). 
Regional Geology
The NQOB lies in the middle section of the Qinling-Qilian-Kunlun Giant Orogenic Belt and is surrounded by the Tarim Block, the North China Block, and the middle Qilian-Qaidam Block (Figure 1b) . It is an Early Paleozoic Orogenic Belt with a typical trench-arc-basin system. Extending to the NW, it is about 1200 km long and 100-300 km wide [17, 18] , and is bounded by the dextral Tongxin-Guyuan Fault to the east, the Longshoushan Fault and Alashan Block to the north, the middle Qilian Block to the south, and the sinistral Altun Fault to the west [7] (Figure 1b,c) . The NQOB includes a Precambrian metamorphic basement and Paleozoic sedimentary rocks. Precambrian metamorphic basement rocks include the Paleoproterozoic Beidaihe Group, the Zhulongguan and Gaolan Groups of the Changcheng System, and the Jintieshan Group of the Jixian System from the oldest to the youngest. The biotite schist of the Beidaihe Group yielded a whole-rock Sm-Nd age of 1980 ± 0.27 Ma, and the diabase of the Zhulongguan Group yielded a zircon U-Pb weighted average age of 1777 ± 28 Ma [19] . The Neoproterozoic Baiyanghe Group is a sedimentary rock combination of tillites, glutenites, and limestones [20] . The Paleozoic rocks are composed of the Middle Cambrian Xialiugou district consists of the ore-hosted Middle Cambrian Heicigou Group, the Upper Carboniferous Yanghugou Formation, the Cretaceous and Quaternary (Figure 2a) . The Lower Heicigou Group outcropped in the north of the ore field is mainly comprised of lower basaltic and basaltic tuff, and upper sericite-chlorite schist, quartzite, and serpentinite. The rocks in the Upper Heicigou Group are dominated by lower mafic and felsic volcanic rocks (including basalt, basaltic volcanic breccia, basaltic tuffs, and the upper rhyolitic tuff, rhyolite, and rhyolite volcanic breccia). On the basis of the cross-cutting relationships and minerals assemblages, the mineralization at Xialiugou can be divided into three stages ( Figures 3 and 4 Stage I is dominated by a large amount of pyrite, primarily occurring as vein-veinlet and disseminated ( Figure 3b ) and subhedral grains (mainly 100-300 µm in size; Figure 5a ).
Stage II is the main stage of copper mineralization and is dominated by abundant chalcopyrite and tennantite with a minor amount of sphalerite, covellite, bornite, and pyrite ( Figure 5b ). Chalcopyrite, tennantite and sphalerite commonly occur as anhedral grains. Locally, it can be observed that the pyrite was evidently replaced and filled by chalcopyrite, tennantite and sphalerite (Figure 5c,d) . Moreover, pyrite and chalcopyrite are commonly subjected to deformation (Figure 5h ).
Stage III is characterized by large amounts of galena and sphalerite with minor amounts of chalcopyrite, tennantite (Figure 5e ), bornite, covellite and pyrite (Figure 5f ). The sulfides commonly occur as layered and massive (Figure 3f) . Locally, the Stage II mineral assemblage of chalcopyritetennantite-sphalerite occurs as irregular breccia, cemented by the Stage III mineral assemblage of galena-sphalerite. Additionally, chalcopyrite commonly coexists with sphalerite in the form of disease texture (Figure 5g) .
Additionally, the post-mineralization tectonic activity has evidently reworked the orebodies, which have locally caused the orebodies and minerals to be subjected to deformation. In detail, the pyrite behaved in a brittle manner, whereas chalcopyrite, galena, tennantite and/or sphalerite behaved in a ductile manner. The fractured pyrite was sealed with ductile minerals of chalcopyrite, galena, tennantite and/or sphalerite (Figure 5h ,i). 
Samples and Analytical Methods

Sampling
Ten quartz-bearing samples were collected from the underground mining platform for the No. I Orebody at an elevation of 3430 m, and six and four samples covered every mineralization stage for which the fluid inclusions and H-O analysis were conducted, respectively. Additionally, five pyrite samples corresponding to three mineralization stages for S-Pb isotope analysis were also collected from the No. I Orebody in the underground platform at an elevation of 3430 m.
Microthermometry of Fluid Inclusions
Petrographic characteristics of the fluid inclusions were performed by optical microscopy on double-section polished thin sections (thicknesses of about 0.06-0.08 mm). Microthermometric measurements of the fluid inclusions were undertaken using a Linkam THMSG 600 heatingfreezing stage (−196 °C to 600 °C) at the Key Laboratory of Metallogenic Prediction of Nonferrous Metals and Geological Environment Monitoring (Central South University, Changsha, China). The measurements had a precision better than ±1 °C and ±0.1 °C at the temperature range of 30 °C to 600 °C and −196 °C to 30 °C, respectively. Freezing and heating temperatures were measured using the same inclusion where possible, and phase transitions were monitored carefully. During the temperature measurement process, temperatures were changed in steps of 5 to 10 °C/min, and then changed slowly at steps of 0.1 to 1 °C/min when approaching the temperature of the phase 
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H-O Isotope Analysis
The H-O isotope analyses were performed at the Analytical Test Center of the Beijing Institute of Geological Sciences (Beijing, China) using a Finnigan-MAT253 mass spectrometer. Every stage of the quartz grains for H-O isotope analysis was separated using a magnetic separator from the quartz-bearing samples of the corresponding mineralization stage [31, 32] . Oxygen was liberated from quartz by reaction with BrF 5 and converted to CO 2 on a platinum-coated carbon rod for the oxygen isotope analysis [33] . The samples used to measure the hydrogen isotopes were first degassed of unstable volatiles by heating at 150 • C for 3 h under a vacuum. The water in the quartz samples was released by heating the samples to approximately 500 • C in an induction furnace and then reacted with zinc powder at 410 • C to generate hydrogen for the hydrogen isotope analysis [32] . The results are reported in per per milliliter, relative to V-SMOW standards, and the precision was ±2% for δD and ±0.2% for δ 18 O [34].
S and Pb Isotope Analytical Methods
The S and Pb isotope analyses were performed at the Analytical Test Center of the Beijing Institute of Geological Sciences. The samples were selected, crushed, and processed. Pure single mineral (>95%) was selected for isotopic analysis. The S isotope analyses were performed using a MAT-251 mass spectrometer. Cu 2 O was used as the oxidizer to react with the sulfide to produce SO 2 , which was frozen and collected for S isotopic analysis [35] . The international standard V CDT was adopted. The accuracy was ±0.2% . The Pb isotope was determined by an IsoProbe-T thermal ionization mass spectrometer (TIMS). Pb was separated and purified using a conventional cation-exchange technique (AG1×8, 200-400 resin) with diluted HBr as the eluent. The 206 Pb/ 204 Pb, 207 Pb/ 204 Pb, and 208 Pb/ 204 Pb, ratios of the NBS981 Pb standard were 16.940 ± 0.010 (±2σ), 15.498 ± 0.009 (±2σ), and 36.716 ± 0.023 (±2σ), respectively. The detailed analytical method and procedures can be found in [36] .
Results
Fluid Inclusions
Fluid Inclusions Classifications and Characteristics
Petrographic observations indicate that the fluid inclusions were widely distributed in quartz. The petrography of the fluid inclusions was conducted in accordance with the following rules: the isolated fluid inclusions and randomly distributed groups of fluid inclusions hosted in quartz crystals were interpreted as primary in origin, and those aligned along micro-fractures in the transgranular trails were interpreted as secondary [37, 38] .
In terms of the number and volumetric proportions of the phases present in the fluid inclusions at room temperature, two major types of primary or pseudosecondary inclusions could be recognized in the Xialiugou deposit: two-phase liquid-rich fluid inclusions (I a ), two-phase vapor-rich fluid inclusions (I b ), and no pure liquid phase or CO 2 inclusions or daughter mineral-bearing aqueous inclusions. Two-phase liquid-rich fluid inclusions (I a ) and two-phase vapor-rich fluid inclusions (I b ) were present in all stages, and two-phase liquid-rich fluid inclusions were predominant by more than 95%.
Two-phase liquid-rich fluid inclusions (I a ): this type of fluid inclusion consists of a vapor bubble and a liquid phase, with a high degree of fill (Vl/(Vl + Vg) > 0.6). They ranged in size from approximately 
Microthermometric Data of Fluid Inclusions
Microthermometric studies were conducted on the primary inclusions from the three stages. The microthermometric data of fluid inclusions are summarized in Table 1 and Figure 7 .
Stage I: The fluid inclusions in quartz were mainly liquid-phase-dominated inclusions (Ia), and a small amount were vapor-phase-dominated inclusions (Ib). The homogenization temperature was 223 to 350 °C (Figures 7a and 8a ) and was mainly concentrated at 270 to 325 °C; the salinity was 0.17 to 3.44 wt % NaCleqv (Figures 7b and 8a) ; the density is 0.569 to 0.848 g/cm 3 .
Stage II: The fluid inclusions in quartz were dominated by liquid-phase-dominated inclusions (Ia), and also contained several small amounts of vapor-phase-dominated inclusions (Ib). The homogenization temperature was 191 to 334 °C (Figures 7c and 8a) , mainly concentrated at 210 to 270 °C; the salinity was 0.18 to 6.87 wt % NaCleqv (Figures 7d and 8a) ; the density was 0.689 to 0.893 g/cm 3 .
Stage III: The fluid inclusions in quartz were mainly liquid-phase-dominated inclusions (Ia), and a small amount were vapor-phase-dominated inclusions (Ib). The homogenization temperature was 157 to 241 °C (Figures 7e and 8a) , mainly concentrated at 150 to 200 °C; the salinity was 0.18 to 5.47 wt % NaCleq v (Figures 7f and 8a) ; the density was 0.832 to 0.973 g/cm 3 . 
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Isotope Geochemistry
H-O Isotopes
The results of the H-O isotope test are shown in Table 2 . The δ 18 OH2O values were calculated using the fractionation equation: 1000lnα ≈ 3.38 × 10 6 /T 2 -3.40 [39] , where "α" is the fractionation factor and "T" is the homogenization temperature of fluid inclusions for each mineralization stage.
In the Xialiugou deposit, the δDV-SMOW and δ 18 OH2O values of ore-forming fluids in Stage I were −51.6‰ and 8.6‰, respectively, corresponding to the δ 18 OV-SMOW value of 15.0‰ (Figure 8b ). The Stage II δDV-SMOW and δ 18 OH2O values of ore-forming fluids were −40.5‰ and 4.8‰, respectively, which corresponded to the δ 18 OV-SMOW value of 14.1‰ (Figure 8b ). The Stage III δDV-SMOW and 
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The results of the H-O isotope test are shown in Table 2 . The δ 18 O H2O values were calculated using the fractionation equation: 1000lnα ≈ 3.38 × 10 6 /T 2 -3.40 [39] , where "α" is the fractionation factor and "T" is the homogenization temperature of fluid inclusions for each mineralization stage.
In the Xialiugou deposit, the δD V-SMOW and δ 18 O H2O values of ore-forming fluids in Stage I were −51.6% and 8.6% , respectively, corresponding to the δ 18 O V-SMOW value of 15.0% (Figure 8b) . The Stage II δD V-SMOW and δ 18 O H2O values of ore-forming fluids were −40.5% and 4.8% , respectively, which corresponded to the δ 18 O V-SMOW value of 14.1% (Figure 8b ). The Stage III δD V-SMOW and δ 18 O H2O values of the ore-forming fluids ranged from −51.9% to −40.5% and −0.4% to 4.1% , respectively, which corresponded to the δ 18 O V-SMOW values of 13.5% to 13.7% (Figure 8b) . 
S Isotope
The S isotopic data are listed in Table 3 . The δ 34 S isotope values ranged from −3.70% to 0.10% , with an average of −1.32% . The δ 34 S isotope values are −1.60% , −1.20% to 0.10% , and −0.20 to −3.70% , for Stage I, II, III, respectively. The δ 34 S values in Stage III were slightly higher than Stage I and III, but all of the δ 34 S values were close to 0% . The values of µ, ω, and k were calculated according to reference [42] .
Discussion
Characteristics and Source of Ore-Forming Fluids
The H-O isotopic compositions of hydrothermal quartz are effective tracers to determine the sources of ore-forming fluids [41] . Previous studies have indicated that the magmatic hydrothermal fluids commonly are enriched δ 18 O (>5% ) [43] . The Stage I quartz is plotted in both magmaticand metamorphic-fluids zones in the δD V-SMOW -δ 18 O H2O diagram (Figure 8b) , and its δ 18 O H2O was markedly higher than 5% . These results indicate that the sources of part of the initial ore-forming fluids at Xialiugou may have been magmatic hydrothermal fluids. The δ 18 O H2O values in Stage II and III were lower than those in Stage I, and lay within the compositional ranges between magmatic and seawater, but shifted towards the meteoric regime, indicating that the ore-forming fluids involved a certain amount of meteoric water.
As the mineralization at Xialiugou formed at or near the seafloor in a volcanic island arc environment [44, 45] , the contribution of seawater may have been a crucial component of the ore-forming fluids. Additionally, the ore-forming fluids had the characteristics of medium-low temperature (157 to 350 • C) and low salinity (0.17 to 6.87 wt % NaCl eqv < 10 wt % NaCl eqv ) with only two-phase liquid-rich and vapor-rich fluid inclusions. These characteristics indicate that the main ore-formation process may have derived from the evolved seawater, and are consistent with typical VMS deposits (100 to 360 • C, and 1.9 to 9.1 wt % NaCl eqv , and liquid-vapor two-phase fluid inclusions predominantly) [46] [47] [48] [49] . Based on the fluid inclusions investigation and H-O isotopic compositions, we propose that the main ore-bearing fluids were most likely derived from evolved seawater, and that a small amount of magmatic water and meteoric water may be an additional component in the ore-forming processes. The characteristics of the ore-forming fluids were, in essence, similar to those of the ore-forming fluids of the Paleozoic VMS-type copper deposits in the Zoulangnanshan area of the NQOB [50] and the Baiyinchang ore field [51, 52] .
Ore-Forming Material Source
The S and Pb isotopic studies provide an efficient tool to determine and trace the origin of these components in ore deposits [53, 54] . The mineral composition of the Xialiugou deposit is relatively simple and pyrite can be found in three stages. Therefore, the δ 34 S V-CDT value of the sulfides can be used to represent the sulfur composition of the hydrothermal system. The S isotopic analysis results showed that the δ 34 S V-CDT value was in the narrow range of −3.7% to 0.1% (Figure 9a) , suggesting that the sulfur may have been derived from a single source. The δ 34 S V-CDT values of sulfides from the Xialiugou deposit, close to zero, were similar with those of the Baiyinchang VMS ore field (Figure 9b) [51, 55] , and the adjacent Gadaban and Gomisi deposits (Figure 9b ) [45] where it was inferred that sulfur possibly originated from the underlying volcanic rocks. Meanwhile, the ore-bearing volcanic rocks were strongly altered at Xialiugou. Therefore, the sulfur may have been more or less contributed by the ore-bearing volcanic rocks, which were leached by the hydrothermal system.
Compared to the light stable isotopes, Pb isotopes are not prone to the effects of physical fractionation and are, therefore, considered to be the best way to reflect the source of lead in ore [56] . Due to differences in the locations of ore-forming structures, ore-forming environments, and ore-bearing surrounding rock, the Pb isotope has different characteristics [57] [58] [59] [60] [61] . The radiogenic Pb of sulfides after their formation is negligible since they have very low U and Th contents. (Figure 10a,b) , the data spots were mainly concentrated between the orogenic belt line and upper crust line. Moreover, the data spots were also distributed within the range of the Baiyinchang VMS-type ore field and had similar characteristics (Figure 10a,b) [51, 55] . The orogenic belt (island arc) Pb is considered to be a mixture of crust and mantle-sourced lead [42, 62] . The Pb was derived from a mixed upper-crust-orogenic source. Meanwhile, the ore-bearing volcanic rocks also had the characteristics of lower crust and mantle source ( 87 Sr/ 86 Sr = 0.7042, 87 Sr/ 86 Sr = 0.7129) [21] , showing that the mineralization was related to the ore-bearing volcanic rocks. The ore-bearing volcanic rocks may be an important source of ore-forming materials.
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Metallogenesis
The North Qilian, where Xialiugou deposit is located, underwent a complex tectonic evolution [45] . From the Mid-Late Neoproterozoic to the Early Cambrian period (660-540 Ma), the Rodinia supercontinent broke up, and the Northern Qilian Ocean and Southern Qilian Ocean opened and expanded. The Northern Qilian Ocean continued to expand during the Early-and Mid-Cambrian period (540-520 Ma) and the southern margin of the Alashan Block changed from the passive continental margin to the active continental margin due to oceanic subduction. The Early Paleozoic oceanic lithosphere subducted northward at a low angle beneath the Alashan Block, leading to island arc volcanism. As the subduction continued, a complex trench-arc-basin system started to develop on the north of the North Qilian Ocean and the southern margin of the Alashan block (520-446 Ma), and formed a complete trench-arc-basin system in the late Ordovician period (446 Ma). The zircon U-Pb age of the ore-bearing volcanic rocks of Xialiugou was 503 ± 3 Ma [29] , indicating that the mineralization developed in the Late Cambrian period. Moreover, the latest field mapping and volcanic rock geochemistry of the Guomisi-Bailiugou ore field indicate that the tectonic setting is a volcanic island arc environment [44, 45] similar to the kuroko VMS-type "black-ore" deposits in Japan.
On the basis of the geological characteristics, fluid inclusions, and the isotopic data, the Xialiugou deposit shares some similarities with the most important Chinese VMS deposits (Baiyinchang ore field) and the typical "black ore" type VMS deposit. These features include: (1) the deposit occurring in the volcanic island arc environment; (2) the ores being zoned with upper layered "black" orebodies (galena-sphalerite) and lower veins "yellow" orebodies (pyrite-chalcopyrite-tennantite); (3) the ore-forming fluids with the characteristics of medium-low temperature and, low salinity in which the main ore-forming fluids may be mainly derived from the evolved seawater; (4) the ore-forming metals may have been derived from the ore-bearing volcanic rocks. The mineralization of the Xialiugou deposit was a continuous process, and the lower channel phase and the upper sedimentary phase orebodies developed in the same hydrothermal system.
The metallogenesis of the Xialiugou deposit can be interpreted as follows. Under the tectonic setting of strong oceanic crust subduction, a large number of submarine volcanic activities took place in the Xialiugou district. The underplating of the deep magma occurred during the interval of volcanic activity or in the late stage of acidic volcanism. Meanwhile, the infiltrated seawater was absorbed into the volcanic channel along the fractures due to the decompression of the shallow magma chamber caused by the volcanic eruption and leached the ore-forming materials from the underlying volcanic rocks and the surrounding volcanic rocks. The circulating seawater may mix with a small part of the magmatic fluids and ore-forming metals. In the early stage, ore-forming fluids flowed upward along the fracture system of the volcanic channels or volcanic structures (open and semi-open system), with the invasion of shallow or ultra-shallow subvolcanic rocks. When the temperature of the ore-forming fluids dropped to 223-350 • C, the salinity was 0.17-3.44 wt % NaCl eqv , and the density was 0.569-0.848 g/cm 3 , and a large amount of pyrite precipitated from the hydrothermal fluids to form disseminated, vein-like, reticulate orebodies through filling and metasomatic replacement. In the middle stage, the ore-forming hydrothermal fluids continued to move upwards. When the temperature range of the ore-forming fluids was 191-334 • C, the salinity was 0.18-6.87 wt % NaCl eqv , and the density was 0.689-0.893 g/cm 3 , amounts of the chalcopyrite, tennantite and minor sphalerite began to precipitate from the hydrothermal fluids and formed vein-like and disseminated orebodies. The layered and massive orebodies could be seen locally. In the late stage, the ore-bearing fluids migrated upward along the hydrothermal recharge channel, driven by the subvolcanic hydrothermal system. Furthermore, the ore-bearing fluids were vented from the seafloor and mixed with the meteoric water. The temperature of the ore-forming fluids dropped significantly. When the temperature decreased to 157-241 • C, the salinity decreased to 0.18-5.47 wt % NaCl eqv , and the density was 0.832-0.973 g/cm 3 , as the layered, massive galena-sphalerite orebodies formed at the top of the deposit. These changes in the physico-chemical conditions and the compositions of the ore-forming fluids during their ascent along the faults and fracture networks to the seafloor played important roles in the ore-forming processes of the layered massive orebodies. After the formation of the Xialiugou deposit, the submarine volcanic activity was renewed, and subsequently, produced more volcanic rocks that covered and preserved the deposit.
Conclusions
1.
The Xialiugou mineralization was hosted in the volcanic rocks (the Middle Cambrian Heicigou Group), between the mafic and felsic volcanic rocks. The orebodies showed a dual-layered structure with "black" orebodies (galena-sphalerite) on the upper zone and "yellow" orebodies (pyrite-chalcopyrite-tennantite) in the lower zone, showing a typical feature of VMS type deposit of "upper layered and lower veins".
